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Electrons and X-rays gang up on the ribosome
Christopher Davies1 and Stephen W White2,3*
In all cells, protein synthesis is coordinated by the
ribosome, and a number of pivotal structural studies on
this complex have been completed during 1999. The
combined results of the X-ray crystallography and electron
microscopy studies have shed new light on the
mechanism of this molecular machine. 
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The past half-century has witnessed major advances in
structural biology, and it is appropriate that an era which
began with the determination of the structure of DNA
should end with the promise of understanding protein
synthesis at the molecular level. The ribosome has always
held a special fascination for biologists because it lies at
the interface between nucleic acids and proteins, as
embodied in the genetic code. It is widely felt that the
key to understanding how modern life evolved lies in its
molecular mechanism.
By mass, the ribosome contains approximately two thirds
ribosomal RNA (rRNA) and one third ribosomal protein.
It comprises a pair of subunits, and the two main tasks of
protein synthesis, or translation, are divided between
them [1]. The smaller subunit binds the messenger RNA
(mRNA) at the decoding site, and the larger subunit con-
tains the peptidyltransferase center (PTC) that attaches
the incoming amino acid to the growing peptide chain.
These two ‘active sites’ face each other across the subunit
interface and are functionally linked by the two ends of
the transfer RNA (tRNA) molecule, which can be viewed
as the ribosome’s substrate. The anticodon loop of the
tRNA ‘reads’ the mRNA at the decoding site, and the
tRNA -CCA 3′ terminus delivers the attached amino acid
or peptide to the PTC. Two tRNA molecules move in
concert with the mRNA between the subunit interface
(translocation), and shuttle their amino acid and peptide
cargoes between the aminoacyl (A) site and the peptidyl
(P) site. The exit (E) site accommodates a third empty
tRNA molecule at the end of the assembly line. This
‘elongation cycle’ (Figure 1) requires two G-protein
factors, elongation factors EF-Tu and EF-G, which bind
to the ‘factor binding site’ on the large subunit, and
control throughput and accuracy by a mechanism involv-
ing conformational switches and GTP turnover. It is now
appreciated that the catalytic machinery of the ribosome is
the RNA component. This has profound evolutionary sig-
nificance because of the growing consensus that early life
was based on RNA.
Structural studies have concentrated on the smaller bacter-
ial ribosome. With a molecular mass of approximately
2.7 MDa (70S using sedimentation nomenclature) and no
internal symmetry, however, these particles have for many
years been too large for X-ray crystallography studies and
too small for electron microscopy (EM). Size is not the only
problem. During translation, the ribosome cycles between
various states that mediate the translocation process, and
which also involve the transient binding of initiation, elon-
gation and termination factors. These states appear to
require conformational changes in the ribosome [1], and
each must be individually studied at the molecular level.
During the past few years, these problems have started to
be overcome by combining the results of X-ray crystallog-
raphy and EM. The two techniques traditionally provide
structural information at different resolutions, but advances
in both have allowed the ribosome to be visualized at com-
parable resolutions (Figure 2). Recent papers from the
Frank and van Heel groups [2,3], the two leaders in the
EM field, provide examples of how this process will occur.
EM has played a major role in ribosome research since
the discovery of the particle in the late 1950s. Early
studies defined the morphological features of the
complex and the general locations of many of its compo-
nents and active centers [4,5]. A breakthrough occurred
during the 1980s with the development of single-particle
reconstruction techniques. The resolution of these
images reached 25 Å in 1995 [6,7], and has now improved
to the point where regions of double-stranded RNA have
started to become visible [8]. Using the well-character-
ized biochemistry of the ribosome, it has also been possi-
ble to trap and visualize individual translational states. In
this way, the locations of the A, P and E site tRNAs have
been identified [9–11], as well as the common binding
site for EF-Tu and EF-G in the large subunit [12–14]. In
addition, a tunnel in the 50S subunit and a groove in the
30S subunit have been identified as suitable conduits for
the passage of nascent peptides and mRNA, respectively.
Most significantly, perhaps, has been the demonstration
that EM can visualize movements within the ribosome,
even from a mixed population of particles [15]. Large
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conformational changes have been identified in the small
subunit [14–17] and also within the EF-Tu [12] and
EF-G [13,14] molecules.
Low-resolution EM images can provide high-resolution
information when the molecular structures of components
can be recognized and incorporated [18]. The known
structures of tRNA, EF-Tu, EF-G and initiation factor 3
(IF-3) have now been fitted into the images, and these
have revealed the locations and environments of the ribo-
some’s functional centers. Thus, the anticodon loop and
the -CCA 3′ terminus of tRNA have pinpointed the
decoding site and the PTC, respectively [10–12,14], and
the G-protein domains of EF-Tu and EF-G identify the
factor-binding site [12–14]. Recently, images of the small
subunit initiation complex have revealed the mechanism
by which IF-3 prevents subunit association and directs the
initiator tRNA exclusively to the P site [17].
X-ray crystallography of whole ribosomes and ribosomal
subunits began in the early 1980s with the demonstration
by Yonath that suitable crystals can be grown from
samples isolated from thermophilic bacteria [19]. The suc-
cessful analysis of these crystals ultimately depended on
the development of crystal freezing techniques (by
Yonath as part of this quest) and the advent of brighter
synchrotron sources. Crystals of the entire bacterial ribo-
some, and the large and small subunits (50S and 30S parti-
cles, respectively) have now been reported and hold the
promise of near atomic resolution. Four papers appeared
in 1999 that show spectacular advances in their analyses.
Interpretable electron-density maps have now been
obtained for the 30S subunit [20,21], the 50S subunit [22]
and the entire ribosome [23]. Progress in interpreting
these complex electron-density maps has been most suc-
cessful when high-resolution structures of ribosomal com-
ponents can be identified and incorporated. This has
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Figure 1
A simplified diagram of the ribosomal
elongation cycle showing the participation of
elongation factors EF-Tu (orange rectangle)
and EF-G (purple oval). Amino acids are
shown as coloured circles, and their
associated tRNA molecules as elongated
rectangles of the same colour. The ribosome
is divided into a large (upper) subunit and a
small (lower) subunit, and the tRNA molecules
can occupy three sites, A, P and E, that span
the subunit interface. The mRNA (thick
horizontal line) is bound to the small subunit.
Proposed relative movements of the subunits
during elongation are indicated. Progress of
the elongation cycle requires conformational
changes in both EF-Tu and EF-G (indicated
by the altered shapes of the rectangle and
oval, respectively). These conformational
changes are driven by the turnover of GTP.
(The figure was adapted from [28].)
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Figure 2
A direct comparison of the latest images of
the ribosome obtained by X-ray
crystallography (left) and electron microscopy
(EM; right). In each case, the pairwise views
are in equivalent orientations showing the
subunit interface surface. (a) The isolated
small (30S) subunit. The X-ray image (5.5 Å) is
reproduced from [20] with permission. The
EM image was obtained by a separation of the
latest 11.5 Å map of the complete E. coli
70S ribosome from the Frank group [29]. The
decoding site is located at the top of a
distinctive vertical extended region of double-
stranded RNA that is depicted in a paler
yellow on the EM map (see also (c) below).
(b) The isolated large (50S) subunit. The
X-ray image (5 Å) is reproduced from [22]
with permission, and the EM image (7.5 Å) is
reproduced from [3]. Note that, in the X-ray
image, the L1 stalk (on the left hand side) is
missing, but it is clearly visible in the EM
image. (c) The 30S subunit and (d) the
50S subunit in the context of the 70S
ribosome with the three tRNA molecules
included. The X-ray images (7.8 Å) were
reproduced from [23] with permission, and
the EM images were obtained by a separation
of Frank's 11.5 Å map (see above). In the
X-ray images, the A, P and E site tRNAs are
shown in green, blue and orange, respectively.
In the EM images, the A, P and E sites are in
purple, green and orange, respectively, and
are inferred from previous EM studies [11,14].
Note that the agreement between the
positions of the tRNA molecules in both
images is excellent. Also, the A and P site
tRNAs are adjacent, whereas the E site tRNA
is further away.
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allowed rather detailed models of the 30S decoding site
and the 50S factor-binding site to be constructed. 
In the recent paper from the Frank group [2], a novel EM
technique is described for mapping regions of rRNA on
images of the bacterial ribosome. The idea originates from
the larger eukaryotic ribosome where additional morpho-
logical features represent expansions of the rRNA [24].
Frank reasoned that artificial expansions of the bacterial
rRNA should be visible in EM images and these, in turn,
would pinpoint their locations on the surface. This turned
out to be the case. Frank went further, however; he used
fragments of tRNA to expand defined stem–loop regions,
and the EM images clearly showed tRNA-like objects pro-
jecting from the ribosome surface. By modeling the tRNA
structure into these projections, it was possible to gain
insights into the local conformation of the rRNA. These
studies are confined to the large subunit, but could equally
well be applied to the small subunit. This should prove to
be a valuable technique for identifying surface regions of
the rRNA that are more distant from the active centers. 
The van Heel group [3] reported the 7.5 Å EM structure
of the isolated Escherichia coli 50S subunit. This is a
remarkable achievement for EM, and it vindicates the
predicted potential of the single particle method for high-
resolution analyses of all large biological systems [25].
Reassuringly, this image of the subunit closely resembles
that obtained by X-ray crystallography at 5 Å resolution
[22]. However, it nicely complements the X-ray structure
by showing regions that are obscured by conformational
flexibility and/or crystal disorder. Most notably, the dis-
tinctive projections of the ribosomal proteins L1 and
L7/L12 on opposite sides of the 50S subunit are clearly
present in the EM image, but poorly resolved in the X-ray
maps. When compared to images of the entire ribosome, it
is also possible to identify conformational changes in the
50S subunit that result from its association with the 30S
subunit. One such change is an apparent opening of a
deep cleft on the interface side of the 50S subunit, which
is the site of the PTC. Data can now be exchanged
between the X-ray and EM groups to speed up the inter-
pretations and to resolve differences and ambiguities.
What can we expect from the future? It is now clear that
X-ray crystallography will eventually provide ‘snapshots’
of the two ribosomal subunits and the entire complex at
near atomic resolution. Although spectacular, these struc-
tures are likely to pose as many questions as they answer.
Even high-resolution enzyme structures typically require
follow up mutagenesis experiments to fully understand
their mechanisms. Most importantly, the structures are
unlikely to provide much information about functional
movements within the ribosome. EM has demonstrated
that it can fill this gap, however, and it should eventually
be possible to use the crystal structures to interpret
movements at the molecular level. In the past, EM
images of the ribosome have been useful to X-ray crystal-
lographers for obtaining preliminary phase information
[26], and their overlapping resolutions will allow this
practical collaboration to continue. For example, crystal-
lographers could call upon the latest technique described
by Frank to identify or confirm questionable interpreta-
tions of electron density. It is also important to appreciate
that the latest structures would not be possible without
the previous efforts of biochemists that have character-
ized and mapped the ribosomal components. It will be
important to maintain these collaborations, and the
present structures should facilitate these future efforts.
For example, the whole particle crystal structures have
already identified ribosomal-protein–rRNA complexes
that can be studied in isolation. In addition, the biochem-
ical footprinting and cross-linking techniques that have
been so vital for mapping the ribosome can now be
specifically targeted to studying conformational changes.
Not surprisingly, the best characterized regions of the ribo-
some, biochemically, functionally and now structurally, are
its active centers. Although it will eventually be necessary
to determine the entire structure, it is likely that rather
detailed models of these regions will soon be available.
The most important region of the small subunit is centrally
located on the interface side, and includes the decoding
site and a switch region that appears to undergo a crucial
conformational change [27]. This entire region is well
defined in the 30S crystal structure [20,21]. The important
regions of the large subunit are the PTC and the factor-
binding site; the latter is already well defined in the 50S
crystal structure [22], and similar definition of the PTC
will no doubt quickly follow. Finally, the 70S crystal struc-
ture has started to reveal details of the tRNA-binding sites,
the interaction between tRNA and mRNA, and informa-
tion on the 50S–30S interface [23]. Thus, the prospects
that the ribosome will reveal some of its more important
mechanistic secrets in the near future are excellent. 
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